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OBJECTIVE

To assess whether previously observed brain and cognitive differences between
childrenwith type 1diabetes and control subjectswithout diabetes persist,worsen,
or improve as children grow into puberty and whether differences are associated
with hyperglycemia.

RESEARCH DESIGN AND METHODS

One hundred forty-four children with type 1 diabetes and 72 age-matched control
subjects without diabetes (mean6 SD age at baseline 7.06 1.7 years, 46% female)
had unsedatedMRI and cognitive testing up to four times over 6.46 0.4 (range 5.3–
7.8) years; HbA1c and continuous glucose monitoring were done quarterly. Free-
Surfer-derived brain volumes and cognitive metrics assessed longitudinally were
compared between groups using mixed-effects models at 6, 8, 10, and 12 years.
Correlations with glycemia were performed.

RESULTS

Total brain, gray, and white matter volumes and full-scale and verbal intelligence
quotients (IQs) were lower in the diabetes group at 6, 8, 10, and 12 years, with
estimated group differences in full-scale IQ of 24.15, 23.81, 23.46, and 23.11,
respectively (P < 0.05), and total brain volume differences of 215,410, 221,159,
225,548, and 228,577 mm3 at 6, 8, 10, and 12 years, respectively (P < 0.05).
Differences at baseline persisted or increased over time, and brain volumes and
cognitive scoresnegatively correlatedwith a life-longHbA1c indexandhigher sensor
glucose in diabetes.

CONCLUSIONS

Detectable changes in brain volumes and cognitive scores persist over time in
childrenwith early-onset type 1 diabetes followed longitudinally; these differences
are associated with metrics of hyperglycemia. Whether these changes can be
reversed with scrupulous diabetes control requires further study. These longitu-
dinal data support thehypothesis that thebrain is a targetof diabetes complications
in young children.

A growing body of evidence suggests that the brain is a target for diabetes
complications. Reduced total, gray, and white matter volumes have been observed
in type 1 diabetes (1), particularly in temporal and parieto-occipital regions (2).
Regional brain differences have also been linked to severe hypoglycemia, higher
lifetime HbA1c, disease duration, and severity of microangiopathy (2,3). Within a
younger type 1 diabetes cohort (mean age 12.6 years), Perantie and colleagues (4,5)
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found that greater lifetime hyperglyce-
mia was associated with decreased total
gray and white matter volume in the
occipital lobe. Although previous studies
in older children and adults with type 1
diabetes have suggested that effects of
hyper- and hypoglycemic exposure on
brain structure are widely distributed,
frontal and parietal-occipital cortical re-
gions appear most vulnerable, particu-
larly in individuals with early disease
onset.
The human brain undergoes unique

dynamic structural and functional changes
during childhood and requires continu-
ous delivery of glucose for brain func-
tion and growth (6). Whether dysglycemia
in youngchildren irreversibly compromises
key neurodevelopmental processes is un-
known. To address this question, our Di-
abetes Research in Children Network
(DirecNet), afive-centerNational Institutes
of Health–funded consortium, conducted
structural and diffusion-weighted im-
aging studies in very young children
with type 1 diabetes (aged 4 to ,10
years at study entry) and in a group of
age-matched control subjects without
diabetes originally recruited .8 years
ago. Unsedated structural brain MRIs
as well as age-appropriate cognitive
testing were performed; the diabetes
group also had continuous glucose
monitoring (CGM). Results from the
first two time points over 18 months
showed significant cross-sectional and
longitudinal anatomical differences be-
tween our diabetes and control cohorts
as demonstrated by volumetric and voxel-
based morphometric methods and by dif-
fusion tensor imaging (7–12). Subtle
differences in specific cognitive domains
compared with age-matched control
subjects without diabetes were also de-
tected (13,14). Moreover, in children
with diabetes, there was slower growth
of the hippocampus, which was associ-
ated with hyperglycemia and greater
glycemic variability (15); differences in
trajectories of brain growth in those with
early severe diabetic ketoacidosis (DKA)
were also observed (16).
Remarkably, the biggest association of

these reported differences has beenwith
measures of hyperglycemia, as reflected
by HbA1c and percent sensor glucose (%
sensor glucose) above target as detected
by CGM (7–16). Vulnerable brain areas in
type 1 diabetes appear particularly lo-
calized to frontoparietal networks aswell

as components of networks involved in
the processing of complex sensory in-
formation, sensorimotor function, and
cognition. These results highlight the
importance of longitudinal studies of
brain growth in early-onset type 1 di-
abetes. We designed these new studies
to determine whether abnormalities in
total and regional gray and white matter
volumes and white matter microstruc-
ture persist or worsen over longitudinal
follow-upandwhether these changes are
associated with measures of glycemic
control and neurocognitive metrics as
children with type 1 diabetes grow and
progress into puberty. We hypothesized
that observed changes in the specific
brain regions noted above would persist
or worsen over time in children with
type 1 diabetes, eventually negatively
affecting cognition.

RESEARCH DESIGN AND METHODS

Studies were approved by the institu-
tional review boards (IRBs) of each of the
five participating DirecNet centers, in-
cluding Nemours Children’s Health Sys-
tem Jacksonville (IRB #588973), Stanford
University (IRB #32179), University of
Iowa (IRB#201501830),WashingtonUni-
versity in St. Louis (IRB #201411074), and
Yale University (IRB #1411014935), and
by the study’s data safety monitoring
board. Informed written consent from
the parents/guardians and child assent
were obtained as appropriate. Children
with type 1 diabetes (n5 144) on insulin
therapy for at least 1 month, ages 4–9
years at study onset, were recruited. At
enrollment, participants were on stable
insulin therapy and had no history of
prematurity, other chronic illnesses, seiz-
ures, developmental delay, or psychiatric
diagnosis. Participants were not ex-
cluded from the study if they developed
any other conditions after enrollment. A
group of 72 healthy, age-matched con-
trol subjects without diabetes and with
similar inclusion/exclusion criteria was
recruited. Siblings of children with di-
abetes were included if they had normal
fasting glucose, HbA1c, and negative di-
abetes autoantibodies. All subjects had
clinical and glycemic assessments, struc-
tural brainMRI, and neurocognitive test-
ing performed at baseline. CGM and
HbA1c data were obtained quarterly in
the diabetes group, and cognitive and
brainMRIwere repeatedafter18months
in all. All study subjects had a full physical

examination and pubertal assessment
done according to the standards of Tanner
for breasts (females), genitalia (males),
and pubic hair (both). Height was mea-
suredusing awall-mounted stadiometer,
and weight was measured using a dig-
ital scale with light clothing. U.S. Centers
for Disease Control and Prevention data
were used for percentiles and SDS.
After securing renewal of grant fund-
ing, the initial cohorts of children were
re-recruited whenever possible and
studied again a third time for an average
of 2.9 years (range 1.8–4.3 years) from the
last assessment and again 2 years later
for up to four separate evaluations. Sub-
jects unable to complete the studies were
replaced with new subjects matched for
age, sex, HbA1c, and duration of diabetes
who met the same inclusion/exclusion
criteria.

MRI
Unsedated brain MRIs were performed
using a desensitization protocol to min-
imize children’s movement, with excel-
lent success as described (17). All sites
used a Siemens 3T MAGNETOM Trio
whole-body MRI, a standard 12-channel
head coil, and an identical imaging pro-
tocol.WashingtonUniversity in St. Louis
transitioned to a Siemens Prisma scan-
ner for the last 14 subjects in the trial;
scan pulse sequences were designed
and tested to be backwardly compatible.
Within- and between-site calibrations
were performed scanning the same adult
phantoms on every machine across all
sites (9). Sagittal T1 brain images were
acquired using a magnetization-prepared
rapid gradient-echo pulse sequence.
Blood glucose was targeted between
70and,300mg/dLwithin 60minbefore
all scans and cognitive assessments. Cor-
tical reconstruction and volumetric seg-
mentation were performed with the
FreeSurfer version 6.0 image analysis
suite (https://surfer.nmr.mgh.harvard
.edu), which calculates total gray and
white matter volume of the cerebral
cortex.

Neurocognitive Testing
In the context of a larger neurocognitive
battery, all subjects completed age-
appropriate intellectual testing (Wechs-
ler Intelligence Scale). One parent per
subject completed an abbreviated intel-
ligence quotient (IQ) measure used as a
covariate in the analysis. Tests were
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double scored at a centralized location
(Nemours).

Glycemic Assessments
HbA1c was measured using a DCA 2000.
All available HbA1c results since diagnosis
of diabetes were collected, and a lifelong
measure of dysglycemia was calculated
using an HbA1c index (HbA1c area under
the curve [AUC] .6%) that computed
total AUC .6.0% using the trapezoidal
rule divided by time between diagnosis
and study assessment (10). Childrenwith
diabetes wore a blindedMedtronic IPro2
CGM quarterly during follow-up, includ-
ing for 3–6 days within 4 weeks of the
imaging and cognitive procedures; par-
ticipants usingDexcomG5orG6 clinically
were allowed to use those instead. Se-
vere hypoglycemia was defined as an
episode where blood glucose was low
(,40 mg/dL) with loss or near loss of
consciousness or where function/cognition
was impaired enough to need the assistance
of others, the use of glucagon, or an emer-
gency department visit.

Statistical Analysis
Statistics of demographic/metabolic var-
iables are provided in Table 1. A sample
size of 216 participants (144 with type 1
diabetes and 72 control subjects) was
estimated to be sufficient to detect me-
dium effects on the basis of univariate
group comparison analysis. CGM sensor
glucose data were analyzed by the Jaeb
Center for Health Research (Tampa, FL);
summary sensor data included mean, SD,
percent on target (70 to,180 mg/dL), and
percent.180,.250,,70,and,60mg/dL.
Our primary analysis used longitudinal

mixed-effects modeling, treating individ-
ual age at four assessment points using
maximum likelihood estimation imple-
mented in Mplus version 8, an advanced
latent modeling program (https://www
.statmodel.com/download/usersguide/
MplusUserGuideVer_8.pdf).We used all
available subjects, including 57 replace-
ment subjects recruited at time 3 as long
as they had at least one outcome mea-
sure; 271 individuals (181 with type 1
diabetes, 90 control subjects) were in-
cluded in the longitudinal analyses. We
assumed data weremissing at random, a
well-acceptedpractical approach inmod-
ern longitudinal analysis. Neurocognitive
and brain outcomes weremeasured four
times; CGM outcomes were measured
up to 16 times. We allowed individual

variations of when participants joined
the study, where they started (random
intercept) in terms of key outcome var-
iables, and how they changed (random
slope) as they aged. Mixed-effects mod-
eling results were converted to group
differences (diabetes vs. control) and
correlations between outcomes assessed
at ages 6, 8, 10, and 12 years. Neuro-
cognitive test analyses were adjusted on
parent IQ and assumed a linear longitu-
dinal trend. For brain measures, we
allowed a nonlinear (quadratic) longitu-
dinal trend and conducted analyses con-
ditional on sex. Correlations across
domains (neurocognitive, brain imaging,
glycemic) were based on longitudinal
mixed-effects modeling using simulta-
neous longitudinal developments of dif-
ferent outcomes allowing for their
correlations through random effects.
Significance level (a 5 0.05, two-tailed)
was used in all analyses without correct-
ing for multiple comparisons.

RESULTS

Two hundred sixteen children were ini-
tially recruited (144with type 1 diabetes,
72 control subjects); all but 2 in the
control group returned for the 18-month
assessments (10,11). Of these subjects,
74% were re-recruited and returned
for a third assessment (107 diabetes,
50control), and57children (37diabetes,
20 control) were recruited as replace-
ments; 95% of those studied at time
3 (137 diabetes, 66 control) returned for
the fourth assessment 2 years later
(Supplementary Fig. 1). Clinical charac-
teristics are included in Table 1. There
were 11 subjects diagnosed with asthma.
Over the course of the study follow-up,
wehadnine subjectswith thyroiditiswho
were on stable thyroid replacement; six
had celiac disease. Two patients also
reported issues related to anxiety and
depression, and one subject had suicidal
ideation. A few of the study subjects in
both groups were diagnosed with at-
tention deficit hyperactivity disorder by
their primary care providers across the
span of the study (time 1: two diabetes;
time 2: two diabetes; time 3: four di-
abetes, five control; time 4: two diabe-
tes, one control).

PrimaryCognitive and Structural Brain
Outcomes
Full-scale IQ (FSIQ), performance IQ (PIQ),
and verbal IQ (VIQ) showed significantly

lower scores in thediabetesgroup than in
the control group (Table 2 and Fig. 1).
Widening or narrowing of group differ-
ences from age 6 to 12 years was not
significant in any of the three neuro-
cognitive measures, with the estimate of
change in groupdifferences fromage6 to
12 years of 1.04, 2.02, and 20.21 for
FSIQ, PIQ, and VIQ, respectively (not
statistically significant). Mean blood glu-
cose was comparable among time points
before the cognitive studies (188 6 67,
2026 62, 2006 63, 1856 55 mg/dL for
times 1–4, respectively). Glucose values
were also comparable postcognitive
studies (data not shown). Secondary
analysis of the cognitive subscores is
shown in Supplementary Table 1.

Using FreeSurfer brain structural anal-
ysis, total, gray, and white matter vol-
umes were not significantly different at
baseline, but over time, group differ-
ences in brain structure became appar-
ent, with lesser volume in the diabetes
group. Differences were more pronounced
as children got older, with significant
widening of group differences from
age 6 to 12 years in all structural mea-
sures (estimate of change in group differ-
ences from age 6 to 12 years for total
brain volume213,167mm3 [P5 0.001],
gray matter 27,519 mm3 [P 5 0.029],
white matter 25,833 mm3 [P 5 0.007])
(Table 2 and Fig. 1). Mean blood glucose
was comparable among time points be-
fore theMRI studies (185663, 176662,
1756 58, 1846 59mg/dL for times 1–4,
respectively). Glucose values were also
comparable post-MRI studies (data not
shown).

We conducted multivariate t tests to
examine whether the original and re-
placement samples were different at
times 3 and 4. The results showed no
significant differences between the two
in any of the cognitive and structural
outcomes. To examine the sensitivity of
our longitudinal analysis results to the
replacement status, we repeated linear
mixed-effects modeling of key outcome
measures conditional on the replace-
ment status. In these new analyses,
the replacement status is modeled
as a predictor of all growth parameters
(intercept, linear slope, quadratic slope).
We did not find any significant effect
of the replacement status on growth
parameters in any of our key cognitive
and structural outcomes (Supplementary
Table 2).
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Table 1—Clinical characteristics of study subjects

Time 1 Time 2 Time 3 Time 4

Diabetes
(n 5 144)

Control
(n 5 72)

Diabetes
(n 5 144)

Control
(n 5 70)

Diabetes
(n 5 144)

Control
(n 5 70)

Diabetes
(n 5 137)

Control
(n 5 66)

Age (years) 7.0 6 1.7 7.0 6 1.8 8.5 6 1.7 8.5 6 1.8 11.2 6 1.9 11.6 6 1.7 13.2 6 1.9 13.6 6 1.7
Range 4.0–10.0 4.1–10.0 5.4–11.5 5.6–11.5 7.4–14.4 7.5–14.8 9.5–16.4 9.6–16.8

Female sex 66 (46) 34 (47) 66 (46) 33 (47) 61 (42) 34 (49) 58 (42) 33 (50)

Race/ethnicity*
White 117 (81) 59 (82) 117 (81) 58 (83) 120 (83) 62 (89) 115 (84) 58 (88)
Hispanic/Latino 10 (7) 4 (6) 10 (7) 4 (6) 10 (7) 3 (4) 9 (7) 3 (5)
African American 6 (4) 4 (6) 6 (4) 4 (6) 6 (4) 3 (4) 5 (4) 3 (5)
Asian 2 (1) 0 (0) 2 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Other 9 (6) 2 (3) 9 (6) 2 (3) 7 (5) 1 (1) 7 (5) 1 (2)

Height (cm) 121.96 11.8 121.76 11.5 130.46 11.7 131.46 11.2 147.16 13.1 150.36 12.4 158.4 6 12.2 160.96 12.2

BMI percentile
Median (25th, 75th) 71.8

(58.9, 86.1)
60.8

(34.5, 79.9)
69.3

(52.3, 84.7)
63.1

(33.3, 81.1)
67.2

(47.7, 83.9)
61.2

(34.0, 91.3)
72.5

(44.7, 85.8)
63.8

(41.0, 90.4)
Range 4–99 4–99 10–96 0–99 7–99 1–100 2–100 0–100

Breast Tanner stage
(girls), %

I 100 100 91 91 38 27 12 12
II–III 0 0 9 9 41 44 14 27
IV–V 0 0 0 0 21 29 72 61

Genital Tanner stage
(boys), %

I 100 100 91 91 58 44 24 24
II–III 0 0 9 9 31 36 32 27
IV–V 0 0 0 0 11 19 38 49

HbA1c
% 7.9 6 0.9 5.2 6 0.2 7.9 6 0.9 5.2 6 0.3 8.1 6 1.0 5.3 6 0.2 8.3 6 1.3 5.4 6 0.3†
Range 6.3–10.2 4.7–5.8 6.0–10.8 4.6–5.8 5.6–10.9 4.6–5.9 5.5–13.9 4.8–6.1

mmol/mol 62 6 12 34 6 9 62 6 15 33 6 3 64 6 12 34 6 3 67 6 14 35 6 3

Diabetes duration (years) NA NA NA NA
Median (25th, 75th) 2.4 (1.1, 4.4) 3.9 (2.6, 5.8) 6.4 (4.8, 8.6) 8.5 (7.1, 10.8)
Range 0.1–7.9 1.5–9.5 0.9–11 3.4–13.7

Age at onset (years) 4.1 6 1.9 NA 4.1 6 1.9 NA 4.5 6 2.1 NA 4.4 6 2.1 NA
Range 0.9–8.5 0.9–8.5 0.9–11.0 0.9–11.0

HbA1c AUC .6%‡ 2.1 6 0.7 NA 2.1 6 0.7 NA 1.9 6 0.7 NA 2.0 6 0.7 NA

Insulin dose (units/kg/
day) 0.7 6 0.2 NA 0.8 6 0.2 NA 0.9 6 0.2 NA 0.96 6 0.25 NA

Pump users, % 55 NA 72 NA 72 NA 79 NA

Severe hypoglycemia
history& 24 (17) NA 28 (19) NA 22 (15) NA 25 (18) NA

DKA history& 51 (35) NA 52 (36) NA 46 (32) NA 48 (35) NA

Sensor glucose (mg/dL) 194 6 37 NA 192 6 33 NA 195 6 40 NA 195 6 35 NA

% Glucose
70–180 45.8 6 15.7 NA 45.1 6 13.8 NA 43.8 6 16.6 NA 44.7 6 14.0 NA
.180 49.6 6 17.1 49.1 6 15.4 50.6 6 18.9 50.6 6 16.2
.250 26.1 6 15.3 25.5 6 13.8 26.5 6 16.1 25.6 6 15.2
,70 4.6 6 5.5 5.8 6 5.7 5.6 6 5.4 4.7 6 5.2
,60 2.6 6 4.3 3.5 6 4.6 3.2 6 3.7 2.5 6 3.3

Parent education level
,12th grade 3 (2) 3 (4) 3 (2) 3 (4) 1 (1) 0 (0) 1 (1) 0 (0)
12th grade 28 (19) 9 (13) 28 (19) 9 (13) 23 (16) 6 (9) 22 (16) 5 (8)
Associate 27 (19) 6 (9) 27 (19) 6 (9) 29 (20) 10 (14) 29 (21) 9 (14)
Bachelor’s 48 (33) 21 (30) 48 (33) 21 (30) 48 (33) 23 (33) 46 (34) 23 (35)
Master’s 29 (20) 18 (26) 29 (20) 18 (26) 33 (23) 18 (26) 30 (22) 17 (26)
Doctoral 7 (5) 4 (6) 7 (5) 4 (6) 7 (5) 9 (13) 6 (4) 8 (12)

Data aremean6 SD or n (%) unless otherwise indicated. NA, not applicable. *The sumof percentages,100% in a category is due tomissing data (e.g.,
race/ethnicity, education level). †One control subject who had done the study from the inception had an HbA1c of 6.1% at time 4, despite normal and
postprandial glucoses and negative diabetes autoantibodies. ‡Average excess glucose since diagnosis, where excess glucose is HbA1c.6% integrated
with trapezoidal ruleacross visits. Calculatedas cumulative lifetimeexcessglucosedividedbydiabetesduration.&Thenumbersateach time1–4 refer to
the episodes since diagnosis.
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Association Between Brain and
Neurocognitive Scores: Secondary
Outcomes
Several significant positive correlations
were found between total, gray, and
white matter volumes (measured using
FreeSurfer analysis) and cognitive mea-
sures, including FSIQ, PIQ, and VIQ,
across the entire span of the longitudinal
study. These correlations were stable
throughout the mean 6.4 years of fol-
low-up (Supplementary Table 3).

Glycemic Indices: Correlations With
Brain Volume and Neurocognitive
Scores
Therewas consistent hyperglycemiawith
% sensor glucose above target (.180 mg/
dL);50%ofthetimeatall four timepoints,
signaling persistent chronic exposure to
hyperglycemia. The lifelong index of hy-
perglycemia (HbA1c AUC .6%) was also
consistently high during the study. In ag-
gregate, there was very little biochemical
hypoglycemia documented throughout
the study (Table 1).
We chose three representative met-

rics of dysglycemiadHbA1c AUC.6%, %
sensor glucose above target (.180 mg/
dL), and SD of sensor glucose (a measure
of variability)dto assess associations

with brain metrics. Estimated correla-
tions (Table3) showedahighly significant
negative relationship between mea-
sures of cognition, including FSIQ,
PIQ, and VIQ, and HbA1c AUC .6%,
% sensor glucose.180mg/dL, and SDof
sensor glucose across all time points.
Similarly, there was a negative correla-
tion between glycemic metrics and total
and graymatter volume butmostly with
HbA1c AUC .6%.

CONCLUSIONS

This longitudinal, observational study
uses contemporary tools to assess the
impact of diabetes in the developing
brain of young children, providing a
unique opportunity to investigate the
effects of the disease over time. Differ-
ences in FSIQ and VIQ between groups
were present from the start and were
maintained throughout the study, indi-
cating that early effects of diabetes are
detectable and significant. Group differ-
ences from age 6 to 12 years were
significant in all three major structural
brain measuresdtotal, gray, and white
matter volumesdwith increased between-
group divergence over time. This is a
potentially important finding that
suggests cumulative effects on the

developing central nervous system. These
detected differences were mostly related
to metrics of hyperglycemia.

Cognitive Assessments
Available data support the notion that
cognitivedecline isassociatedwith type1
diabetes and that poor metabolic con-
trol has a deleterious impact on cogni-
tive functioning, with lower IQ, executive
functions, and processing speed (18–20).
Similar to adults, cross-sectional studies
in youthwith type1diabetes have shown
lower IQ and deficits in executive func-
tioning, particularly attention, episodic,
and spatial working memory and pro-
cessing speed, compared with control
subjects (21–23). However, longitudinal
studies of cognition in youth with type 1
diabetes have previously shown mixed
results (24–26). A study from the Di-
abetes Control and Complications Trial
showed no substantial declines in cog-
nitive function in a large group with
type 1 diabetes carefully followed for
;18 years, despite relatively high rates
of recurrent severe hypoglycemia (27).
However, that study cohort (13–39 years
old) did not include very young chil-
dren, in whom the effects of diabetes
on cognition are most pronounced.

Figure 1—Trajectory of changes in FSIQ, PIQ, VIQ, total brain volume, total gray matter volume, and total white matter volume in children with type 1
diabetes followed longitudinally compared to control subjects. T1D, type 1 diabetes.
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Variability in cognitive findings in type 1
diabetes is affected by age, disease du-
ration, severity of hypoglycemia, degree
of chronic hyperglycemia, earlier onset, and
sensitivity of test batteries; many of these
factors are intercorrelated (22,26,28,29).
Our results indicate that patients diag-
nosedwith diabetes at a very young age
when the brain is undergoing rapid
developmental changes may be at
greatest risk for neurocognitive deficits
(24,25,30,31).
DirecNet has now followed the pedi-

atric cohort reported here for four time

periods over a mean span of 6.4 6 0.4
years (range 5.3–7.8 years), allowing us
to assess the trajectory of change be-
tween the children with diabetes and
age-matched control subjects. We pre-
viously reported that IQ and executive
function scores trended lower in type 1
diabetes relative to control over an initial
18-month period of observation (13,14).
In the present work, we now report
results in this large cohort of children
over two additional time periods, which
altogether coverameanspanof6.460.4
years of follow-up. Our data at times

3 and 4 now clearly indicate statistically
significant differences in neurocognitive
function between the cohorts of children
with and without type 1 diabetes. Spe-
cifically, using mixed-effects modeling
covarying for parent IQ, the diabetes co-
hort shows lower IQ scores, with the most
prominent effects observed for VIQ (Table
2 and Fig. 1) and the vocabulary subtest
score (see Supplementary Table 1). Ef-
fects sizes ranged from 0.26 to 0.35 for
these significant between-group results.
Although children with diabetes were
still functioning well, and the IQ scores

Table 3—Correlations between neurocognitive scores and brain volume measures with three metrics of dysglycemia in the
type 1 diabetes group (longitudinal mixed-effects modeling)

Age

6 years 8 years 10 years 12 years

Neurocognitive metrics
HbA1c AUC .6%
FSIQ 20.256 (0.086)

P 5 0.003
20.270 (0.075)

P 5 0.000
20.298 (0.074)

P 5 0.000
20.303 (0.075)

P 5 0.000
PIQ 20.171 (0.095)

P 5 0.071
20.214 (0.081)

P 5 0.008
20.246 (0.079)

P 5 0.002
20.261 (0.079)

P 5 0.001
VIQ 20.262 (0.081)

P 5 0.001
20.268 (0.072)

P 5 0.000
20.297 (0.071)

P 5 0.000
20.299 (0.075)

P 5 0.000
% Sensor glucose .180 mg/dL
FSIQ 20.396 (0.103)

P 5 0.000
20.420 (0.078)

P 5 0.000
20.382 (0.066)

P 5 0.000
20.287 (0.082)

P 5 0.000
PIQ 20.279 (0.105)

P 5 0.008
20.330 (0.083)

P 5 0.000
20.314 (0.073)

P 5 0.000
20.219 (0.085)

P 5 0.010
VIQ 20.365 (0.095)

P 5 0.000
20.366 (0.074)

P 5 0.000
20.350 (0.067)

P 5 0.000
20.320 (0.086)

P 5 0.000
SD sensor glucose
FSIQ 20.397 (0.083)

P 5 0.000
20.420 (0.073)

P 5 0.000
20.407 (0.069)

P 5 0.000
20.327 (0.090)

P 5 0.000
PIQ 20.292 (0.088)

P 5 0.001
20.304 (0.083)

P 5 0.000
20.289 (0.082)

P 5 0.000
20.202 (0.097)

P 5 0.037
VIQ 20.385 (0.083)

P 5 0.000
20.413 (0.072)

P 5 0.000
20.409 (0.069)

P 5 0.000
20.393 (0.085)

P 5 0.000

Brain structure metrics
HbA1c AUC .6%
Total brain volume 20.171 (0.082)

P 5 0.036
20.188 (0.076)

P 5 0.014
20.203 (0.073)

P 5 0.005
20.207 (0.071)

P 5 0.004
Gray matter volume 20.149 (0.083)

P 5 0.073
20.195 (0.076)

P 5 0.011
20.238 (0.073)

P 5 0.001
20.263 (0.072)

P 5 0.000
White matter volume 20.188 (0.079)

P 5 0.018
20.165 (0.076)

P 5 0.029
20.145 (0.074)

P 5 0.052
20.120 (0.074)

P 5 0.104
% Sensor glucose .180 mg/dL
Total brain volume 20.003 (0.080)

P 5 0.969
20.028 (0.071)

P 5 0.693
20.057 (0.069)

P 5 0.404
20.081 (0.076)

P 5 0.285
Gray matter volume 20.037 (0.083)

P 5 0.653
20.071 (0.072)

P 5 0.328
20.101 (0.070)

P 5 0.152
20.114 (0.079)

P 5 0.150
White matter volume 0.031 (0.080)

P 5 0.702
0.025 (0.073)
P 5 0.730

0.002 (0.070)
P 5 0.981

20.029 (0.076)
P 5 0.702

SD sensor glucose
Total brain volume 20.238 (0.083)

P 5 0.004
20.221 (0.078)

P 5 0.005
20.174 (0.078)

P 5 0.027
20.099 (0.088)

P 5 0.264
Gray matter volume 20.275 (0.082)

P 5 0.001
20.265 (0.076)

P 5 0.000
20.217 (0.076)

P 5 0.004
20.130 (0.087)

P 5 0.136
White matter volume 20.174 (0.086)

P 5 0.044
20.148 (0.082)

P 5 0.071
20.106 (0.082)

P 5 0.194
20.053 (0.088)

P 5 0.549
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were within the normal range, group
differences amounted to an average of
almost 4 IQ points. Even though in this
particular high-functioning cohort this
may not readily affect school perfor-
mance or relational behaviors, this is
well within the range observed in other
conditions that affect the brain in chil-
dren (32–34). Thus, asour type1diabetes
cohort has matured through early ado-
lescenceand thedurationof theirdisease
lengthened, between-group neurocogni-
tive differences have become readily
detectable.

Structural Assessments
MRI data have shown prevalence of
structural central nervous system abnor-
malities in children with early-onset
type 1 diabetes compared with control
subjects without diabetes (1,4,5,35,36).
For example, Ho et al. (36) studied 62 chil-
dren with type 1 diabetes (mean age 9.8
years) diagnosed before 6 years of age and
showed a high prevalence of central ner-
vous system structural abnormalities and
mesial temporal sclerosis. When children
with type 1 diabetes reported here were
4 to,10 years old, we observed increased
gray matter volume in lateral temporo-
frontal and decreased volume in parieto-
occipital regions compared with control
subjects, findings supported by comple-
mentary vertex-based analyses (FreeSur-
fer) (9,11). Differences in white matter
microstructure were also detected with
diffusion tensor imaging in children with
diabetes, with lower axial diffusivity, a
measure of brain fiber coherence, in chil-
dren with diabetes at baseline and at
18 months, indicating that these white
matter differences persist over time
(7,8). By 18months, childrenwith diabetes
had slower total, gray, and white matter
growth than control subjects (10), with
specific gray matter regions (left precu-
neus; right temporal, frontal, and parietal
lobes; right medial frontal cortex) showing
reduced growth trajectories in diabetes, as
didparticularwhitematterareas (splenium
of the corpus callosum, bilateral superior
parietal lobe, bilateral anterior forceps,
inferior frontal fasciculus). Frontal and
parieto-occipital cortical regions appear
most vulnerable, particularly in individuals
with early age of onset.
We now extend our analysis across a

mean span of 6.4 years (range 5.3–7.8
years) and observed significant slower
growth of total, gray, and white matter

volume in the cohort with diabetes ver-
sus the age-matched control cohort.
Persistent volumetric differences across
all four time points, along with detect-
able cognitive deficits compared with
control subjects, suggest that the impact
of diabetes in thebrain begins early in the
disease process.

Associations With Dysglycemia
In older children with type 1 diabetes,
greater lifetime exposure to hyperglyce-
mia was associated with decreased total
gray matter volume during a 2-year
follow-up (4) and decreased white mat-
ter volume in the occipital lobe with
greater hypoglycemia exposure (5). Al-
though severe hypoglycemia is well rec-
ognized as noxious to the brain, in our
work to date in DirecNet, we have
observed a consistent association be-
tween detected brain differences and
metrics of hyperglycemia, including
HbA1c AUC .6%, SD sensor glucose, %
sensor glucose above target, and mean
amplitude of glycemic excursions (7–16).
The slower brain growth observed after
18 months of follow-up was associated
with higher cumulative hyperglycemia
and glucose variability but not with hy-
poglycemia (10). In the present study, we
report in the diabetes group strong neg-
ative associations between FSIQ, PIQ,
and VIQ and HbA1c AUC .6%, % sensor
glucose .180 mg/dL, and SD of sensor
glucose. Similarly, brain volumes (total,
gray, andwhitematter)were reciprocally
related to hyperglycemia, using the same
metrics. The frequency of biochemical
hypoglycemia was quite low in our stud-
ies (2.5–3% of all sensor glucose values),
making it difficult to detect associations.
Considering that;50%of sensor glucose
valueswere.180mg/dL throughout the
mean 6.4 years of follow-up in the chil-
dren with diabetes, these associations of
hyperglycemia and detected changes in
brain structure and cognition are con-
cerning and support the notion that
chronically elevated glucose is indeed
noxious to the developing brain.

Recently, our group has performed
functional MRI in our cohort using an
executive function paradigm, the Go/
No-Go task, and observed that despite
equivalent task performance between
groups, children with type 1 diabetes ex-
hibited increased activation in executive
control regions (37).We posited that this
finding may represent a compensatory

neural response to diabetes-related in-
sult and facilitate cognitive and behav-
ioral performance to levels equivalent to
those of control subjects without diabe-
tes. However, when these same children
were given a more challenging visual-
spatial working memory task (N back),
the diabetes group exhibited reduced
performance and greater modulation
of activation compared with the healthy
control group without diabetes (38).
These differences were associated
with earlier diabetes onset, suggesting
that elevated glucose concentrations
likely contribute to functional brain dif-
ferences. These findings are supported
further by recent functional MRI data
gathered during euglycemic and hyper-
glycemic clamp conditions in adolescents
with type 1 diabetes that showed lower
spatial working memory capacity during
acute hyperglycemia (39).

The mechanisms of changes in brain
structure, cognition, and function in
type 1 diabetes are unknown, but col-
lectively, these andother reports suggest
the possibility that glycosylation of brain
proteins has a functional impact on neu-
rocognitive function of affected children,
especially those who are very young at
diagnosis. Biessels and Reijmer (40) sug-
gested that human cortical development
from childhood to adolescence is af-
fected in diabetes and that not only
hypoglycemia but also hyperglycemia
may affect developmental processes,
leading to adverse cognitive outcomes
in childhood or even later in life.

Strengths and Limitations
This study has considerable strengths,
including the large cohort, the young age
at study entry, the longitudinal nature of
the repeated assessments, the strict
standardization of the imaging equip-
ment and image acquisition protocols
used at all centers, the certification of
all cognitive testers and central double
scoring of all tests, and the availability of
CGM data throughout the study. The
need to replace 26% of the participants
at time 3 is a limitation but one that is
largely inevitable in longitudinal studies
and one for which we planned because
there was a.2-year gap between fund-
ing cycles and grant renewals. The fact
that we were able to retain 74% of the
original cohort is remarkable because
these were laborious studies. The fact
that replacements matched the lost
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study subjects well in terms of diabetes
duration and control makes the aggre-
gate data credible. Subanalysis of our
results on the basis of further DKA or
severe hypoglycemia episodes through-
out the observation period was not pos-
sible because of the scarcity of those
events after study initiation.
In summary, we report here the longest

longitudinal study of brain structure and
cognition using modern diabetes technol-
ogy to assess glycemia in a group of young
children with type 1 diabetes compared
with an age-matched control group with-
outdiabetes (4to,10yearsofageatstudy
entry) followed at four time points as they
grew and progressed into puberty. Using a
mixed-effects model longitudinal analysis,
we observed significant differences in FSIQ
and VIQ and lower total, gray, and white
matter volumes in the diabetes group,
differences that persist and, in the case
of structural brainmeasures, increase over
time. These changes are strongly related to
short-term and long-term indices of hy-
perglycemiainthediabetesgroup.Whether
these changes are reversible with scru-
pulous better control of glucose in these
young children requires further study. In
conclusion, the brain is a target of diabetes
complications, even in young children.
These data support the lowering of gly-
cemic targets in children (41,42); accep-
tance of higher-than-normal blood sugars
as adequate metabolic control in very
young children needs to be revisited.
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